was significantly greater in the adult relative to the P21 group. While the adult group showed no further change in cortical volumes, there was a significant loss of cortical volumes between 2 and 5 weeks after injury in the P21 group, reaching values similar to that of the adult group by 5 weeks after injury. Together, these findings demonstrate age-dependent temporal patterns of leukocyte infiltration and loss of cortical volume after TBI.
Introduction
Traumatic brain injury (TBI) results in significant morbidity and mortality of the pediatric population [Levin et al., 1982; Fife and Jagger, 1984; Frankowski, 1986; Luerssen et al., 1988; Kraus et al., 1990; Philip et al., 2009] . Brain-injured children younger than 4 years of age exhibit more severe cognitive and motor deficits than older children [Durkin et al., 1998 ]. While the biologic factors that contribute to this vulnerability are unclear, studies suggest that inadequate antioxidant reserves may be a determinant of these outcomes [Ditelberg et al., 1996; Mischel et al., 1997; Ferriero, 2001; Fan et al., 2003; TsuruAoyagi et al., 2009] .
Here we consider the possibility that inflammation may likewise contribute to the vulnerability of the injured, developing brain. There is evidence that the magnitude of inflammation may be age dependent. In response to acute exposure to cytokines, the kinetics of leukocyte recruitment vary according to age, with the adult brain showing fewer leukocytes than 1-to 3-week-old animals [Lawson and Perry, 1995; Anthony et al., 1997] . Such findings have led to the hypothesis that there is a 'window of susceptibility' where the developing brain is less refractory to inflammatory stimuli than the adult brain [Anthony et al., 1998 ].
There is evidence to support the pathogenicity of leukocytes in the acutely injured brain. Leukocytes, including neutrophils, release free radicals, proteases and proinflammatory cytokines, all of which can promote tissue damage [Owen and Campbell, 1999; Lee and Downey, 2001; Kawabata et al., 2002] . The recruitment of leukocytes into the traumatized adult brain [Schoettle et al., 1990; Biagas et al., 1992; Soares et al., 1995; Hartl et al., 1997] occurs in response to the activation of complement [Kaczorowski et al., 1995] and coincides with a disruption of the blood-brain barrier [Soares et al., 1995] . In the developing brain, the cause and effect of leukocyte accumulation and outcome in an immature TBI model have not been demonstrated.
We have previously characterized reproducible models of traumatic injury to the developing and adult murine brains and have shown predictable patterns of cortical and subcortical neuronal vulnerability [Igarashi et al., 2001; Tong et al., 2002; Tsuru-Aoyagi et al., 2009 ]. Here we profile leukocyte infiltration and longer-term changes in cortical mantle volume in each of these models and demonstrate age-dependent differences in these parameters. Such findings highlight unique differences in how the developing and adult brains respond to a traumatic injury, and they underscore the need to further investigate the mechanisms that contribute to age-dependent pathogenesis.
Materials and Methods

Surgical Procedures
Male postnatal day (P)21 C57BL/6 mice were anesthetized with 1.25% 2,2,2-tribromoethanol, diluted in isotonic saline at 0.02 ml/g body weight. Adult male C57BL/6 mice (3 months old) were anesthetized with a higher concentration of 2.5% 2,2,2-tribromoethanol solution. All animals were placed on a water-circulating heating pad throughout the surgery and recovery. All animals fully recovered within 3 h after surgery. Each animal was placed in a stereotaxic frame (David Kopf Instruments, Tujunga, Calif., USA) for surgery.
After a midline skin incision, the soft tissues were reflected and blood flow measurements initiated using a laser Doppler probe. A circular craniotomy, 5.0 mm in diameter, was made with a micro-drill between bregma and lambda with a medial edge of the craniotomy 0.5 mm lateral to the midline. In the injured group, each animal was then positioned in a stereotaxic frame of the injury device and was subjected to a controlled cortical impact injury [Dixon et al., 1991; Igarashi et al., 2001; Tong et al., 2002; Fan et al., 2003 ], using a convex impactor tip that was 3.0 mm in diameter and oriented perpendicular to the surface of the brain. The injury was generated using the following parameters: 4 m/s velocity, 1.0 mm depth of penetration and a sustained depression of 150 ms. Sham-operated animals underwent the same surgical procedures with the exception of the cortical impact. In both the sham and brain-injured groups, the scalp was then closed with sutures. Each animal was given 1.0 ml of isotonic saline subcutaneously after the operation to prevent dehydration. The shamoperated animals were euthanized at 1 day, 14 days and 5 weeks after surgery. The brain-injured animals were euthanized at 1, 3, 7 and 14 days and 5 weeks after injury.
Blood Flow Measurements
A laser Doppler device (Laserflo BPM2; Vasamedics, USA) was used to measure relative cerebral blood flow (CBF). Following the craniotomy, blood flow was measured from the surface of the brain. When taking measurements, care was taken to avoid grossly visible blood vessels. Following cortical impact and again prior to euthanasia, the probe was returned to the same position and a measurement of blood flow was again taken from the surface of the brain.
The change in blood flow is expressed as a percentage of the preinjury CBF level: [(CBF at a given time point -CBF before injury)/CBF before injury ! 100]. Blood flow was analyzed using two-way ANOVA (to compare the adult vs. P21 trends in the change in blood flow) using Stata version 8.0 (StataCorp, College Station, Tex., USA), followed by Sidak's multiple comparisons to compare changes over days within each group.
Immunocytochemistry Animals (n = 3-5/group) were perfused through the heart with 50 ml of 4% paraformaldehyde in 0.1 M phosphate-buffered saline (PBS), at a pH of 7.4. The brains were removed, fixed in 4% paraformaldehyde for 3.5 h and cryoprotected in sucrose (30% in PBS) for 48 h. The cryoprotected brains were embedded in tissue freezing medium (Triangle Biomedical Sciences, Durham, N.C., USA) and frozen at -70 ° C. Frozen sections, 20 m in thickness, were cut on a cryostat in the coronal plane and collected on slides (2 sections/slide). Sections of brain were processed for conventional immunocytochemistry. Multiple antibodies were tested using a different series of slides from each brain, comprising every 10th slide. The antibodies used were as follows: leukocytes (anti-CD45; Caltag M6404; 1: 250), neutrophils (GR-1; Caltag RM3000; 1: 500), 'helper' T cells (anti-CD4; Serotec MCA1108G; 1: 150) and cytotoxic T cells (anti-CD8; Serotec MCA612; 1: 150). Tissue from both groups at all time points was stained with these antibodies (n = 3-5/group). All primary antibodies were diluted in 2% rabbit serum (RS)/0.2% Triton X-100 (TX)/BSA (2% RS/TX/BSA). The sections were first rehydrated in 0.1 M PBS (pH 7.4) for 5 min. Secondly, they were incubated in 0.003% hydrogen peroxide (H 2 O 2 ) in 0.1 M PBS for 10 min to quench any endogenous peroxidase activity, and then incubated in each of the following solutions for the time indicated: 2% RS/TX/BSA) in 0.1 M PBS for 5 min; 10% RS/0.2% BSA/0.2% TX in 0.1 M PBS for 20 min; primary antibody for 2 h at 4 ° C; PBS 5 times 3 min; rabbit anti-rat IgG (1: 200 2% RS/TX/BSA; Vector BA-4001) for 1 h; PBS 5 times 3 min; avidinbiotin-horseradish-peroxidase complex (Vectastain ABC Kit; 1: 100 in PBS; Vector Labs) for 30 min, and PBS 5 times 3 min. The final reaction product was visualized using 0.05% 3,3-diaminobenzidine tetrachloride as the chromogen in the presence of 0.02% H 2 O 2 for 10 min. The immunostained sections were then dehydrated in graded alcohols, cleared in Hemo-De (Fisher Scientific Inc., Pittsburgh, Pa., USA), and coverslipped with Permount (Fisher Scientific). Immunocytochemical controls, completed on adjacent sections of brain, consisted of the same reaction procedures in the absence of primary antibody.
Localization of Irreversibly Damaged Cells
Terminal deoxynucleotidyl-transferase-mediated dUTP nick end labeling (TUNEL) was used to assess irreversible cell damage in all animals at 1, 3 and 7 days after injury (n = 3-5/group). The colorimetric TdT-FragEL DNA Fragmentation Detection Kit (Oncogene Research Products; product No. QIA33) was used in this study. The staining methodology was executed according to their provided instructions. A positive and a negative control were run with each batch of slides. Following staining, the slides were coverslipped with Permount mounting medium (Fisher Scientific).
Regional Cell Counting and Estimation of Cortical Volumes
Cell counting and estimation of volumes were conducted in a masked fashion. The number of GR-1+, CD8+, CD4+ and CD45+ cells were determined on 4 equally spaced coronal sections from both groups (n = 3-5/group) at 1, 3, 7 and 14 days and 5 weeks after injury. TUNEL+ cells were counted on 4 equally spaced coronal sections from each brain for both groups (n = 3-5/group) at 1, 3 and 7 days after injury. These serially spaced sections were each separated by 400 m (every 20th section) to span a range of 1,600 m. The first section was taken from the same anatomical plane (bregma -1.46 mm; anterior to injury) in each animal, as well as the last section (bregma -3.06 mm; posterior to injury) in order to include the site of maximal injury in all cases. The number of positively stained cells was determined within the contoured region of the remaining ipsilateral cortical mantle. To quantify positively stained cells, a contour was drawn using the Neurolucida software (MicroBrightField Inc., Williston, Vt., USA), and all positively stained cells were counted within these defined boundaries. All distinctly stained cells were identified at ! 60 magnification using Neurolucida in the ipsilateral and contralateral hemispheres of the brain-injured mice and sham controls. There was minimal positive staining on the contralateral side (data not shown). A cell was considered for counting when it had a clearly defined pattern of membrane staining. Partial profiles were not counted, thus leading to an underestimate of the number of cells present per section. Adjacent sections were used in the analysis as an alternative in the event of tissue damage. The cell counts were expressed for a region of interest as the mean number of cells per section.
Cortical volumes were estimated at 14 and 35 days after injury in both age groups (n = 5/group). Four serial sections stained with cresyl violet were used for quantification. In each brain, the most anterior section was selected at bregma -1.46 mm, and each section was separated by 400 m [Paxinos and Watson, 1986] . The spared areas of the ipsilateral cortical mantle, as identified by cresyl violet staining, were outlined and the volume was computed using the Cavalieri method by multiplying the sum of the profile areas of the region of interest on all sections with the distance between the sections [Gundersen and Jensen, 1987; Reed and Howard, 1998 ].
Results
Relative Cerebral Blood Flow Is Similar between Developing and Adult Brains after TBI
We first determined if blood flow after TBI showed age-dependent differences. The effects of age at time of injury and time after injury on relative blood flow were evaluated by two-way ANOVA ( fig. 1 ). There was no significant interaction between these factors (p = 0.13), thus the interaction term was dropped and a main effects analysis performed. Main effects analysis revealed a statistically significant effect (p ! 0.001) for time after injury, but not a significant difference for age (p = 0.76). Multiple comparisons among the days after injury using Sidak's method showed that blood flow immediately after injury was significantly lower relative to all other time points in the P21 group (p ! 0.001). Blood flow in the adult brain remained depressed for the first 3 days after injury. Thereafter, blood flow was significantly elevated relative to that measured immediately after injury (p ! 0.002).
The Temporal Pattern of Leukocyte Recruitment Is Age Dependent
Next we compared leukocyte recruitment in the injured P21 and adult brains at 1-35 days after injury. CD45+ cells were noted throughout the injured ipsilateral cortex as well as in the hippocampus in both age groups ( fig. 2 ) . A majority of these cells were localized adjacent to the site of cortical injury, and the phenotype varied from round cells bearing no processes ( fig. 2 b, e) to cells with short processes ( fig. 2 c, f) .
The distribution of GR-1+ cells was similar to that of CD45+ cells in both the developing ( fig. 3 ) and adult brains ( fig. 4 ) , appearing most prominently in the cortex but also within the underlying hippocampus. To confirm the identity of these cells, adjacent sections stained with hematoxylin and eosin revealed polylobulated nuclei, a feature consistent with that of neutrophils ( fig. 3 d, e, i, j, 4 d, e, i, j). . There is a statistically significant time-after-injury effect, but not a significant difference for age. * p ! 0.002; * * p ! 0.001. a Multiple comparisons among the days after injury using Sidak's method shows that blood flow immediately after injury (day 0) is significantly lower relative to other time points for the P21 group. b Blood flow in the adult brain remains depressed for the first 3 days after injury. Thereafter, blood flow is significantly elevated relative to day 0.
CD45+, GR-1+, CD4+ and CD8+ cells were quantified within the injured cortex ( fig. 5 ) . To make the statistical assumptions of normality and equal variances, analyses were performed on square-root-transformed data. We first determined those time points in which the number of inflammatory cells in the ipsilateral cortex differed from that of the sham values, based upon one-way ANO-VA and, where appropriate, Newman-Keuls multiple comparison post hoc tests. In the injured P21 brains, CD45+ and GR-1+ cell numbers were significantly higher within the first 2 weeks after injury (p ! 0.05), peaking at 1-3 days, and were not statistically distinguishable from the sham values by 35 days ( fig. 5 a, b) . CD4+ cells peaked at 1 day after injury (p ! 0.001) and remained elevated over the first week (p ! 0.01) ( fig. 5 c) , whereas CD8+ cells were elevated early (at 3 days; p ! 0.001) after injury and again during wound healing (at 14 days; p ! 0.01) ( fig. 5 d) . In the injured adult brains, the numbers of CD45+ and GR-1+ cells in the cortex were elevated at 1 day (GR-1; p ! 0.05) and 3 days after injury (CD45, p ! 0.001; GR-1, p ! 0.05), but returned to the sham values thereafter ( fig. 5 a, b) . CD4+ cells peaked 1 day after injury (p ! 0.001) and remained elevated above control values for the first week (p ! 0.05) ( fig. 5 c) , whereas CD8+ cells were elevated at 3 and 14 days after injury (p ! 0.001 and p ! 0.05, respectively) ( fig. 5 d) .
Next we examined the relationship between age at time of injury and time after injury. Based upon two-way ANOVA, the trajectories were not significantly different between the 2 age groups for CD45+ cells. Main effects analysis showed that, on average, the values of CD45 in the P21 group were significantly higher (p = 0.001) than in the adult group. A similar trend was seen for GR-1 (p = 0.056). In contrast, no differences were noted for CD4 and CD8. These findings demonstrate age-related differences in infiltration of the panleukocyte marker CD45 and suggest that these differences are primarily attributed to a subset of CD45+ leukocytes, namely GR-1+ granulocytes.
Temporal Pattern of Irreversibly Damaged Cells in the Cortex Is Similar between Age Groups
The time course of irreversibly injured, TUNEL+ cells was evaluated in the cortex within each of the age groups at 1, 3 and 7 days after injury ( fig. 5 e) . In both age groups, the number of TUNEL+ cells in the cortical mantle was significantly elevated at 1 day after injury (one-way ANO-VA; p ! 0.01), returning to baseline thereafter. Based upon two-way ANOVA, the trajectories of TUNEL+ cells were indistinguishable between the age groups. Main effects analysis revealed no differences. These data suggest that age is not a determinant of early patterns of cortical cell injury.
The Kinetics of Cortical Volume Loss Are Age Dependent
Cortical volume was analyzed at both 2 and 5 weeks after injury in each age group ( fig. 6 ). Cortical volumes from sham-operated animals were similar at 2 and 5 weeks after surgery within each of the age groups.
The P21 brain-injured group showed a significant reduction in cortical volume to 79.69% of the sham-operated controls at 14 days after injury, and to 60.19% by 5 weeks. Importantly, there was a significant difference in cortical volumes between 2 and 5 weeks after injury (unpaired t test; p ! 0.05). The adult brain-injured group also showed a reduction in cortical mantle volume to 50.68% of the sham-operated controls at 14 days after injury, and to 46.90% by 5 weeks. However, unlike in the injured P21 brains, there was no difference in cortical volumes between 2 and 5 weeks after injury (unpaired t test; p = 0.948). In the injured P21 brains, CD45 ( a ) and GR-1 ( b ) are significantly higher within the first 2 weeks after injury relative to shams. In the injured adult brains, CD45 is elevated at 3 days and GR-1 is elevated at 1 and 3 days after injury. c , d In the injured P21 brains, the number of CD4+ cells peaks at 1 day after injury and remains elevated at 14 days. In the injured adult brains, CD4 remains elevated over the first week. CD8 is elevated at 3 and 14 days after injury in both age groups. e TUNEL+ cells quantified within the cortex. In both age groups, the number of TUNEL+ cells in the cortical mantle is significantly elevated at 1 day after injury. We next compared the injured ipsilateral cortical volumes, as ratios to their respective shams, between the P21 and adult groups for each time point. At 2 weeks after injury, the cortical volume of the adult group was significantly reduced relative to the P21 group (unpaired t test; p ! 0.01). However, by 5 weeks after injury, there was no difference between the 2 groups (unpaired t test; p = 0.316). Together, these findings suggest age-related, temporal differences in long-term loss of cortical volume. Whereas the injured adult brain undergoes a more accelerated loss within the first 2 weeks after injury, the developing brain is characterized by a more gradual long-term reduction in cortical volume.
Discussion
Here we hypothesized age-dependent differences in the inflammatory response and expansion of the cortical lesion after TBI. To test this hypothesis, we profiled leu- The ipsilateral cortical mantle volume was determined in cresyl-violet-stained sections. Injury leads to a significant reduction in cortical mantle volume at 2 and 5 weeks after injury, as compared to sham-operated controls, in both the P21 ( c ) and adult groups ( d ). In the injured P21 group, there is a significant reduction in cortical mantle volume between 2 and 5 weeks. * p ! 0.05, * * p ! 0.01, * * * p ! 0.001, unpaired t test.
kocyte infiltration and changes in ipsilateral cortical volume in the developing and adult brain after TBI. Several interesting findings have emerged from this effort. The assessment of early cerebral blood flow and cortical cell injury over the first week after injury revealed no differences between the age groups. However, the magnitude and temporal patterns of leukocyte infiltration and loss of cortical volume were age dependent. The injured P21 brain showed greater numbers of CD45+ and GR-1+ leukocytes in the cortex over the course of several weeks. Whereas both the P21 and adult brains showed marked reductions in cortical volume between 2 and 5 weeks after injury, the kinetics of this reduction were different. There was a greater loss of cortical volume by 2 weeks after injury in the adult brain with no further reductions thereafter. In contrast, the P21 brain showed a more modest early reduction in cortical volume that reached values similar to the adult brain by 5 weeks after injury. Together, these findings highlight unique differences in how the developing and adult brains respond to TBI. Both leukocyte infiltration and loss of cortical volume, most likely related to the expansion of the cortical lesion, occur over a longer time period than in the injured adult brain. As TBI to the developing brain results in cognitive deficits that emerge during wound healing [Pullela et al., 2006] , further studies will be needed to address the mechanisms underlying these age-related differences and the extent to which they contribute to cognitive decline during brain maturation.
Relative Blood Flow after TBI
In this study, we profiled the time course of blood flow after injury to the developing and adult brains. Cerebral blood flow was depressed in both groups immediately after injury. Surprisingly, we also found that blood flow dramatically increased in both groups by at least 7 days after injury and remained elevated up to 28 days thereafter. While factors contributing to the increase in flow remain unclear, nitric oxide (NO) may direct this hyperemia.
NO is a cell-membrane-permeant, free radical gas with diverse functions including the maintenance of basal vasomotor tone (see reviews in Cherian et al. [2004] , and Moncada and Higgs [2006] ) that is synthesized from L -arginine by nitric oxide synthase (NOS), which has three isoforms: neuronal (nNOS), endothelial (eNOS) and inducible (iNOS). Several lines of evidence support the hypothesis that iNOS may be a key mediator of hyperemia. iNOS is induced in both the injured developing [Clark et al., 1996] and adult brain [Wada et al., 1998 ] in vascular smooth muscle and infiltrating neutrophils [Clark et al., 1996] as well as in macrophages and astrocytes over the course of the first week after injury [Wada et al., 1998 ], and parallels the timing of hyperemia seen in the current study. Finally, posttraumatic hyperemia seen in the adult wild type is attenuated in iNOS knockout mice, a finding that further reinforces the role of NO in the modulation of cerebral blood flow [Foley et al., 2008] .
TUNEL and the Injured Brain
In both the P21 and adult-aged groups, TUNEL staining was maximal at 1 day and declined thereafter to control values within the first week after injury. Interestingly, this pattern of cell damage corresponds to the elevated numbers of GR-1+ neutrophils within the injured cortical mantle in both age groups. Whether infiltrated neutrophils contribute to this cell injury is not clear. Indirect evidence would support their participation in pathogenesis, particularly as it relates to barrier function and edema formation. For example, in the injured adult brain, the recruitment of leukocytes [Schoettle et al., 1990; Biagas et al., 1992; Soares et al., 1995; Hartl et al., 1997] coincides with a disruption of the blood-brain barrier [Soares et al., 1995] . Strategies to increase circulating neutrophils result in increased permeability of the bloodbrain barrier after TBI [Whalen et al., 2000] . There have been only few studies that have addressed the role of neutrophils in the developing brain after injury. In a model of neonatal hypoxia-ischemia, there was reduced brain swelling in animals that have been made neutropenic by antineutrophil serum, or that have been treated with allopurinol [Hudome et al., 1997] .
Leukocyte Infiltration after TBI
This study shows that infiltration of leukocytes, as measured by an antibody to the panleukocytic marker CD45, is increased following injury, and that there is greater leukocyte infiltration in the developing as compared to the adult brain. Similar kinetics of infiltration are seen with an independent assessment of GR-1+ leukocytes, a subset of the CD45 population that are neutrophils based upon their classic lobulated nuclei. This agedependent difference is not a generic response to all leukocytes, as the kinetics of CD4+ and CD8+ T cells were similar between age groups.
Our findings of age-dependent differences are consistent with others; adult mice are more resistant to inflammation, as evidenced by less leukocyte recruitment in response to cytokines, than 1-to 3-week-old mice [Lawson and Perry, 1995; Anthony et al., 1997] . This has led to the hypothesis that there is a 'window of susceptibility' where the developing brain is less refractory to inflammatory stimuli than the adult brain [Lawson and Perry, 1995; Anthony et al., 1997; Campbell et al., 2002] . The biologic basis for this age-related 'window of susceptibility' is not clear. Early studies addressed age-related differences in the context of chemokine responses. Macrophage inflammatory protein-2, a CXC chemokine that induces neutrophil chemotaxis, is more rapidly induced in the young brain than the adult brain after intraparenchymal administration of cytokines [Anthony et al., 1998 ]. Neutrophil infiltration, which parallels this induction, is likewise greater in the young brain. Together, these findings suggest that marked neutrophil infiltration, seen in the young brain, may reflect increased susceptibility to the neutrophil chemoattractive effects of CXC chemokines [Anthony et al., 1998 ].
It is of interest that while CD45+/GR-1+ cells peak at 1-3 days after injury to the developing brain, they remain elevated above controls for the next several weeks. To our knowledge there are no studies that have addressed trafficking of neutrophils beyond the acute period after TBI. However, in a murine experimental model of spinal cord injury, neutrophils are present beginning at 6 h and extending up to 6 weeks later [Kigerl et al., 2006] . Such findings suggest that there is a prolonged period of neutrophil infiltration and/or that the mechanisms modulating neutrophil apoptosis are altered. While cytokines, including those that function as neutrophil chemoattractants (CXCL1, CXCl2, CXC8) [Semple et al., 2010b ] may contribute to long-term neutrophil transmigration into the injured brain, it is also possible that an imbalance between pro-and antiapoptotic mechanisms could translate into increased survival of neutrophils [Kigerl et al., 2006] .
Age-Dependent Loss of Cortical Volume
We find that the kinetics of loss of cortical mantle volume after TBI are age dependent. Whereas a marked reduction in ipsilateral cortical mantle volume is seen in the adult brain by 2 weeks after injury, there is a relatively more gradual loss of cortical volume in the injured P21 brain, reaching values similar to that seen in the injured adult brain by 5 weeks after injury.
Loss of cortical volume most likely reflects the expansion of the cortical lesion. An enlarging cortical lesion has been reported in the adult rodent within the first several weeks after injury [Yoneyama-Sarnecky et al., 2010] , with continued expansion up to 1 year after injury [Smith et al., 1997] . In the developing brain, there is likewise a significant expansion of the cortical lesion occurring between 2 weeks and 3 months after injury [Pullela et al., 2006] . Of interest, this expanding lesion in the P21 brain corresponds to emerging cognitive deficits [Pullela et al., 2006] . Antioxidant status and a proinflammatory state are candidate determinants of the expanding cortical lesion and the resultant loss of cortical volume. In the injured adult brain, the expansion of the cortical lesion is accelerated within the first several weeks after TBI to adult mice deficient in heme oxygenase 2, an enzyme that plays a key role in the metabolism of the prooxidant heme [Yoneyama-Sarnecky et al., 2010] . Such a finding suggests that this enzyme, ubiquitously expressed throughout the CNS [Maines et al., 1996; Ewing and Maines, 1997] , provides an endogenous line of defense against heme-directed pathogenesis.
Glutathione peroxidase (GPx), an antioxidant that metabolizes hydrogen peroxide to water and oxygen, has been shown to be neuroprotective to the developing brain. Immature neurons, cultured from GPx-overexpressing transgenic (Tg) mice, show less injury when exposed to hydrogen peroxide. Moreover, susceptibility to neonatal hypoxic-ischemic injury is reduced in the GPxoverexpressing Tg animal. Such findings have prompted further study of GPx in the setting of TBI at P21. While cortical volumes, measured when these animals reached adulthood, were reduced in both the Tg and wild-type groups, there was no effect of genotype [Tsuru-Aoyagi et al., 2009] . Such findings suggest that other factors insensitive to GPx activity, such as ongoing secondary pathogenesis and/or aberrant developmental processes, may contribute to cortical volume loss.
A key question remains with regard to the age-dependent factors that govern the loss of cortical volume and expansion of the cortical lesion. Some insight may be gained from studies of the CC ligand-2 (CCL2) knockout animal [Semple et al., 2010a] . CCL2 is a chemokine involved in macrophage recruitment. Brain-injured mice, deficient in CCL2, show a reduction in lesion volume and a reduced spread of F4/80 macrophages in the damaged cortex. However, these differences are not detected within the first week after injury, but rather become evident between 2 and 4 weeks after injury. It is hypothesized that this response may reflect the more delayed recruitment of hematogenous macrophages to the injured brain [Semple et al., 2010a] . With this hypothesis in mind, it is conceivable that age-related differences in lesion expansion, seen in the current study, may be governed by the magni-tude of infiltration of hematogenous macrophages, with initially fewer of these macrophages recruited to the injured developing brain relative to the adult brain.
Conclusion
In conclusion, we demonstrate age-dependent differences in the kinetics of infiltration of a subset of leukocytes and loss of cortical mantle volume following TBI. Understanding the factors that contribute to these differences will be a critical first step in explaining the progression of pathogenesis following childhood injury, and eventually in developing age-appropriate therapeutics.
